We have cloned and characterized the cDNA, genomic clone and upstream promoter region of a vacuolar ATPase (V-ATPase) c subunit (PgVHA-c1) from Pennisetum glaucum. The deduced amino acid sequence shows 98-71% sequence identity with V-ATPase from rice and Arabidopsis, and is a highly hydrophobic protein with four transmembrane regions. PgVHA-c1-GFP fusion protein is expressed in BY2 cells on the endo-membranes surrounding vacuoles; however, PgVHA-c1 could not functionally complement V-ATPase-c deletion mutants of yeast. The sequence analysis of the genomic clone revealed the presence of two introns in the coding region, and the splice junctions followed the typical canonical GU-AG consensus sequence. The transcript analysis showed that the expression of PgVHA-c1 was stimulated more in response to salinity stress and very marginally in response to drought and low temperature stress. Exogenous application of abscisic acid, salicylic acid and calcium stimulated the transcript level in the absence of stress. We have cloned the 5′-flanking regions of PgVHA-c1 and mapped its transcript start site at 78 bp upstream of ATG. Transgenic tobacco with promoter::GUS constructs showed that the region -288/+78 was sufficient for GUS expression. The expression of the reporter gene even with the full-length promoter was limited to shoot hairs and to male and female reproductive organs. The dehydration-responsive element (DRE) and ABA-responsive element (ABRE) in the promoter did not show consensus flanking regions; however, gel mobility shift assays showed that Pennisetum has specific transacting factors that showed binding to the core DRE, ABRE and TCA elements.
Introduction
Plants respond to various abiotic stresses by regulating a number of physiological and developmental changes. Maintaining ion homeostasis is critical for growth in saline environments. The ion toxicity component of salt stress is reduced by many proteins, which act along with ion transporters, channels and enzymes related to ion homeostasis. Protons are employed as coupling ions for the ion transport system, and the proton gradient serves as an impetus for uptake (Serrano et al. 1999) . Basically, three distinct proton pumps account for the generation of the proton electrochemical gradient . The plasma membrane H + -ATPases maintain the pH of apoplastic space and the single-subunit vacuolar H + -translocating inorganic pyrophosphatase and the multisubunit vacuolar ATPase (V-ATPase) maintain the acidic pH of the vacuole (Morsomme and Bounty 2000, Maeshima 2001) .
In many organisms, intracellular compartments such as endosomes, lysosomes and secretory vesicles show the presence of V-ATPases where they function in processes such as receptor-mediated endocytosis, intracellular targeting of lysosomal enzymes, protein processing and degradation, and the coupled transport of small molecules (see Nishi and Forgac 2002) . V-ATPases have also been identified in the plasma membrane of renal intercalated cells, osteoclasts and macrophages, having an important role in acid secretion, bone degradation and control of cytoplasmic pH, respectively . The identification of genetic defects that result from the absence of specific V-ATPase subunits highlighted the importance of V-ATPases in these processes. In yeast, the V-ATPases, present in many intracellular compartments such as lysosomes, secretory vesicles and the vacuoles, generate the proton gradient and/or the membrane potential, which drives the coupled transport of small molecules and ions. The conditional lethal phenotype is observed upon disruption of the genes encoding this pump in yeast. The vma (for vacuolar membrane ATPase) mutants are able to grow at pH 5.5 but not at pH 7.5. These make yeast a powerful tool in identifying various genes encoding the pump.
Plant V-ATPases have been shown to consist of 12 subunits (Kluge et al. 2003a) . The function of these subunits is not well characterized. In comparison with yeast, the mutant analysis of V-ATPases in plants, even in Arabidopsis whose com-plete genome sequence is known, is at a very nascent stage. The main difficulty is lack of availability of mutants defective in each of the subunits that make the pump. The only mutant (det3) that is available is not a complete loss-of-function allele, making the interpretation of the DET3 function difficult. The det3 mutant shows a reduction in subunit C and an approximately 2-fold decrease in V-ATPase activity (Schumacher et al. 1999 ). The phenotype is unexpected as plants are de-etiolated when grown in the dark and there is a defect in hypocotyl cell expansion, shoot apical activity and in their response to brassinosteroids. Allen et al. (2000) showed that this mutation is defective in stomatal closure induced by hydrogen peroxide and high external calcium ions but shows normal closure of stomata when induced by ABA and cold. It has also been shown that transgenic Arabidopsis, tomato and Brassica plants that overexpress AtNHX1 (Na + /H + vacuolar antiporter) show enhanced tolerance to salt (Apse et al. 1999 , Ohta et al. 2002 , implying an important function of AtNHX family in vacuolar compartmentalization of Na + . V-ATPases maintain the acidity of the vacuoles and, therefore, become very important for the proper functioning of the Na + /H + antiporter (Futai et al. 2000) . These studies indicate the importance of understanding the function of V-ATPases in plants in great detail especially their role under abiotic stress conditions.
Gene regulation studies suggest up-regulation of ATPases, water channel proteins and ion transporters under salt stress (Zhu 2003) . Subunits A, B, E and c from various plants have been shown to be up-regulated in stress. While A, c and E have been shown to be up-regulated in salinity stress (Tsiantis et al. 1996 , Lehr et al. 1999 , Golldack and Dietz 2001 , the B subunit is up-regulated in salinity as well as in response to higher aluminum levels (Hamilton et al. 2001) . Kluge et al. (2003b) cloned the complete set of 12 VHA (VHA-A-H, -a, -c, -d and -e) subunits from the halophyte Mesembryanthemum crystallinum and analyzed their transcript levels. Under stress, distinct coordinated changes in the expression were observed for most of the subunits in roots and leaves, with mostly parallel changes in transcript levels of all subunits. In some cases, contrasting responses were seen for vha-B and -c transcript amounts. In fact, Padmanaban et al. (2004) have shown that the 'c' subunit is tightly regulated.
Although previous studies have revealed that variations exist in the expression pattern of various isoforms, a detailed analysis of any of the isoforms has not been performed, less so in a monocot plant. In the present work, we have cloned, characterized and studied the expression pattern of a VHA-c gene from a monocot Pennisetum glaucum under stress. We have analyzed using gel mobility assay the specificity of various cisacting elements and also tissue-specific expression of its promoter. This is one of the detailed analyses of a promoter of any of the genes encoding the subunits of V-ATPase.
Results and Discussion
Isolation and sequence analysis of PgVHA-c1 cDNA and its genomic organization During the screening of Pennisetum seedlings under salt stress, we isolated many cDNA clones that were differentially up-regulated. Sequence analysis of one of the many such clones identified a cDNA clone that showed a high degree of sequence homology to the VHA-c gene that encodes the VATPase c subunit. Southern blot analysis revealed the existence of isoforms, of which we were able to clone two other partial cDNAs. Real-time PCR analysis using the 3′-untranslated region (UTR) revealed a tissue-specific differential pattern of expression of the three isoforms. Isoform I (PgVHA-c1) is expressed more in young leaves compared with older leaves and panicles, whereas isoform III was constitutively expressed in all tissues. Isoform II was expressed mostly in root and its expression could not be detected in leaf and panicle (Tyagi, W., Singla-Pareek, S.L., Nair, S., Reddy, M.K. and Sopory, S.K., unpublished) . Isoform I, PgVHA-c1, for which we had the fulllength clone was studied in detail. PgVHA-c1 (accession No. AF416606) contains an open reading frame of 498 bp, with an untranslated sequence of 38 nt at the 5′ end and 279 nt at the 3′ end, and encodes a protein of 165 amino acids with an apparent molecular weight of 16 kDa and estimated isoelectric point of 8.99. Analsis of the deduced amino acid sequence predicted that PgVHA-c1 is a highly hydrophobic protein (Fig. 1A) with four transmembrane regions (amino acids 13-33, 56-76, 96-117 and 130-155) , three lumenal (amino acids 1-12, 77-95 and 156-165) and two cytoplasmic regions (amino acids 34-55 and 118-129) . The multiple alignment analysis of the deduced amino acid sequence of PgVHA-c1 had an overall 98% sequence identity with rice (accession No. U27098) as well as oat (accession No. M73232) and 71% sequence identity with Arabidopsis VHA-c proteins (accession No. L44584). The phylogenetic tree revealed that PgVHA-c1 is related more closely with rice VHA-c as it fell in the same cluster group (data not shown).
The genomic fragment of 1892 bp corresponding to PgVHA-c1 cDNA was PCR amplified from the genomic DNA with specific primers and cloned (accession No. AY620961).
Comparing the genomic sequence with its cDNA sequence identified two introns (326 and 995 nt) and three exons (117, 286 and 166 nt) . All the 5′ and 3′ splice junctions follow the typical canonical consensus di-nucleotide sequence GU-AG shown by other plant introns (Brown 1986 ). The distribution and location of introns in PgVHA-c1 are similar to those of Arabidopsis (Perera et al. 1995) and rice (accession No. U27098) where both the introns disrupt the open reading frame at the same position in these three species with respect to their aligned amino acid sequences; however, the length of these introns was different (Fig. 1B) . The high degree of conservation in number, position and phasing between Arabidopsis, rice and PgVHA-c1 genes suggests that these could have evolved from a common ancestral VHA-c gene.
Subcellular localization of PgVHA-c1
From the deduced amino acid sequence, we found that the PgVHA-c1 polypeptide lacks any signal sequence for its subcellular localization except that it has four transmembrane domains. To find out its localization, in vivo protein targeting was checked using tobacco BY-2 suspension cells transformed with PgVHA-c1-green fluorescent protein (GFP) fusion protein constructs. After 2-3 d of transformation, cells were monitored for the expression of GFP using confocal laser scanning microscopy. It was observed that the PgVHA-c1-GFP gene product was targeted to the endomembranes, especially the outer membrane of vacuoles ( Fig. 2A) . Currently, knowledge about the targeting signals directing membrane proteins to the plant vacuolar membrane is not well established. It was shown that the C-terminal transmembrane domain and parts of the cytosolic tail are sufficient for vacuolar targeting of bean α-tonoplast intrinsic protein (Hofte and Chrispeels 1992) . In barley, lectin hydrophobic amino acids present in the Cterminus were found to be essential in recognition and proper sorting of this protein to the vacuole (Dombrowski et al. 1993 ). However, the potassium channel protein (AtKCO1) from Arabidopsis (Czempinski et al. 2002) does not have any particular hydrophobic amino acid sequence at the C-terminus for its vacuolar membrane localization. Immunolocalization studies in maize root cells have shown that VHA-A (Fischer-Schliebs et al. 1997) and VHA-E subunits from the cytoplasmic oriented V 1 sector were targeted to the outer membrane of vacuoles and smaller endomembrane-surrounded compartments. The open reading frame of the PgVHA-c1 gene was cloned without its stop codon in pCAMBIA 1302, the recombinant clone was used to transform Agrobacterium and this Agrobacterium construct was used to transform BY-2 cells to check for the localization. The figure shows the PgVHA-c1-GFP localization when the cells were observed at 60× and the transmission image of the same cell. (B) Complementation of VMA3, VMA16 and TPF3 mutant yeast strains with PgVHA-c1. Untransformed yeast strains were unable to grow on Ura -selection medium, whereas the transformed strains grew efficiently. Untransformed strains and transformed strains were plated on yeast peptone media containing glucose, 0.5% glycerol and 1% glycerol and grown at 30°C.
Genetic complementation of PgVHA-c1
V-ATPase null mutants in yeast have a conditional lethal phenotype with lack of growth on a non-fermentable carbon source, no growth at pH higher than 7 and sensitivity to low and high concentrations of calcium in the medium (Nelson and Nelson 1990) . The c subunit and its isoforms c′ and c″ of the yeast V-ATPase are encoded by vma3, vma16 and tpf (vma11) genes, respectively. The yeast mutants for these genes, which grow normally on glucose medium but were unable to grow on a non-fermentable carbon source such as glycerol (Fig. 2B) were used for the functional complementation with PgVHA-c1. The recombinant mutant yeast strains vma3, vma16 and tpf were able to grow in YPD medium containing galactose but failed to grow on YPD plates containing 1% glycerol, whereas the wild-type yeast were able to grow on glycerol medium, indicating that PgVHA-c1 is unable to complement any of the yeast mutants (Fig. 2B) . Earlier, Schumacher et al. (1999) showed that Arabidopsis VHA-C was also unable to complement the yeast mutant. Rouquie et al. (1998) showed that two tobacco cDNAs of the G subunit could complement the yeast mutant ∆vma10 restoring the activity of the V-ATPase, whereas the cotton cDNA encoding subunit A was capable of restoring yeast V-ATPase function only partially (Kim et al. 1999) . These studies and our results imply that some subtle differences may have occurred between plant and yeast subunits during the course of evolution.
Expression of PgVHA-c1 under various abiotic stresses
To check the effect of salinity on the transcript level, 15-day-old Pennisetum seedlings were treated for 24 h with 100, 250 and 500 mM NaCl. The level of PgVHA-c1 transcript induction was seen beyond the 250 mM NaCl concentration ( Fig. 3A) and salt-stressed shoots showed a 3-fold increase in the transcript level whereas in roots the increase was not very significant ( Fig. 3B) . These results were similar to those reported in Arabidopsis (Perera et al. 1995) , sugarbeet (Kirsch et al. 1996) , Tortula (Chen et al. 2002) and Mesembryanthemum (Tsiantis et al. 1996) .
It has been reported that there is a considerable overlap among different signal transduction pathways in response to various abiotic stresses (Seki et al. 2002a ). For dehydration stress, water was withheld for 96 h in 15-day-old greenhousegrown seedlings. It was found that there was a slight (1.5-fold) up-regulation of PgVHA-c1 transcript in shoots after 96 h (Fig.  3C) . The expression levels of PgVHA-c1 increased only marginally when the seedlings were exposed to low temperature stress (data not shown). Kluge et al. (2003b) performed an analysis of the transcript levels in M. crystallinum of all 12 VHA subunits in root and leaf tissue under conditions of osmotic, heat, cold and salt stress and found these to be differentially regulated and to have a coordinated expression.
Several abiotic stresses are mediated via ABA and also in the presence of secondary messengers such as calcium (Seki et al. 2002b ). The transcript levels of PgVHA-c1 were 2.5-fold up-regulated in response to both 100 µM ABA treatment (Fig.  3D ) and 100 µM calcium chloride treatment given for 24 h (Fig. 3E ). Earlier, the transcript level of the VHA-A subunit was found to increase in suspension-cultured tobacco by application of ABA (Narasimhan et al. 1991) , but the effect of calcium was not studied. In Lycopersicon esculentum, an increase in transcript levels of the V-ATPase A subunit was found in response to salt but not by ABA treatment (Binzel and Dunlap 1995) . Subunit B has also been shown to be up-regulated in salinity conditions in tomato (Hamilton et al. 2001 ) and subunit E in Mesembryanthemum (Golldack and Dietz 2001) .
This study shows that PgVHA-c1 is salinity regulated and both ABA and calcium treatments could mimic stress treatment by increasing the steady-state transcript levels of the VATPase c subunit in leaves. These results were confirmed further by using a probe specific to this isoform (the reverse primer was designed from the 3′-UTR and a specific product of 421 bp was obtained) using real-time PCR (data not shown).
Isolation and in silico analysis of the PgVHA-c1 promoter
Presently limited information about transcriptional regulation of different subunits of V-ATPase in response to environmental cues is available. Promoters of subunit A and c (Lehr et Fig. 3 Expression of PgVHA-c1 in response to various abiotic stresses and treatments. Fifteen-day-old Pennisetum shoots were exposed to (A) 100, 250 and 500 mM NaCl for 24 h, (B) 250 mM NaCl for 24 h, (C) dehydration, (D) 100 µM ABA for 24 h, (E) 100 µM calcium for 24 h. Total RNA was extracted from both control and stressed samples, blotted onto a nylon membrane, probed with 500 bp random-labeled PgVHA-c1 and the blot was then reprobed with 18S RNA (18S). Upper panels show the autoradiogram of the probed blot, whereas the lower panels indicate the bar representation of the quantified data using the Kodak 1D 2.0 program.
al. 1999) have been isolated from sugarbeet; however, no detailed analysis is available. In this study, approximately 1.0 kb of the 5′-flanking region of the PgVHA-c1 gene was PCR amplified (Fig. 4A ) from a region 1,037 bp upstream of the translation initiation codon. The transcription start site was mapped to 78 bp upstream of the ATG intiation codon that corresponded to a sequence TAATA (Fig. 4B ). This sequence matches the eukaryotic transcription initiation site consensus sequence, PyAPyPy. It is also consistent with the observation that an 'A' residue is the conserved initiation site in 85% of the plant genes examined (Joshi 1987) . In silico analysis revealed some notable sequence motifs within this 1.0 kb fragment. There is a TATA box located at the -70 position and a CAAT box at 416 bp upstream of the transcription start site. The presence of a TATA box was reported in the 5′-flanking region of Beta vulgaris VHA-c genes (Lehr et al. 1999 ) whereas the Arabidopsis AVA-P3 promoter is TATA less (Perera et al. 1995) . In addition, there are putative regulatory factor-binding sites such as TCA box, LTRE, C/dehydration-responsive (DRE)-like, ABA-responsive element (ABRE)-like, four GC repeats and four GC motif-binding regions (Fig. 4A) . Such regulatory elements have been reported in the upstream region of many genes that show regulated expression in response to dehydration and ABA (Kizis and Pages 2002, Narusaka et al. 2003) .
In silico analysis (data not shown) revealed that the PgVHA-c1 promoter contained an ABRE-like sequence present in single copy whereas both sugarbeet and Arabidopsis have three and two copies of putative ABRE sequences, respectively. Proper functioning of ABRE requires either the presence of more than one copy of ABRE in tandem (Skriver et al. 1991) or the presence of a coupling element very near to the ABRE motif. Although the PgVHA-c1 promoter does not contain any of the coupling elements reported so far, it has a GC repeat as well as a GC motif present in close proximity to the ABRE-like sequence. It is possible that these elements help in this ABRE-like sequence to provide the required specificity. A GC repeat present in the PgVHA-c1 promoter has the 'CACC' sequence which is the core sequence present in almost all the CE1-like sequences (Shen and Ho 1995) .
The PgVHA-c1 promoter also has a DRE sequence; however, it is slightly different from that present in Arabidopsis or sugarbeet with respect to the flanking sequence although the core sequence 'CCGA' is the same. The TCA/SARE (salicylic acid response element) sequence is the same in all the three species although it is located nearer to the transcription start site in PgVHA-c1 when compared with Arabidopsis and B. vulgaris. In both Pennisetum and barley, there are at least two LTREs (low temperature response element) present, but in Arabidopsis there is no putative LTRE.
Analysis of tissue-specific expression of the PgVHA-c1 promoter-β-glucuronidase gene Several serial deletions from the 5′ end of the PgVHA-c1 promoter were made by PCR amplification using internal primers, and the resulting UD-PgVHA-c (1100 bp), D1-PgVHA-c (700 bp), D2-PgVHA-c (350 bp) and D3-PgVHA-c (153 bp) (Fig. 4C ) fragments were then cloned into the SmaI site of the plant transformation vector pCAMBIA 1391tz. The recombinant constructs carrying UD, D1, D2 and D3 versions of the PgVHA-c1 promoter that drive the expression of reporter gene GUS were individually introduced into BY-2 cells, and GUS activity was assayed after 2 d. The level of GUS decreased with the deletion at the 5′ end and no activity was seen in the D3-PgVHA-c construct (Fig. 4C) , indicating that the 288 bp region from the transcription start site of the PgVHA-c1 promoter is the minimum essential region for its function.
The minimal functional promoter-reporter gene construct (D2) (Fig. 4C ) that expressed the reporter gene in BY-2 suspension cells was transformed into tobacco, and transgenic plants were raised and monitored for GUS expression in different tissues and at different developmental stages. GUS expression was seen only in younger plants in shoot hairs (Fig. 5A) , with no detectable expression in any other tissues. Since only the smallest functional region was used for these studies, it is possible that the upstream regions may have other tissue localization motifs. Therefore, the full-length PgVHA-c1 promoter (UD-PgVHA-c-GUS) and deletion D1 were cloned in pBI101.2 and then the transformed tobacco plant tissues were checked for GUS expression. In vegetative tissue, GUS expression was again observed only in shoot hairs (Fig. 5B ). Since promoters of many of the genes involved in salinity stress are also expressed in vascular bundles (Golldack et al. 2003 , Shi et al. 2003 we looked for GUS expression in this region. The PgVHA-c1 promoter did not show expression even in vascular bundles (Fig. 5B) . However, the full-length PgVHA-c1 promoter showed GUS expression in developing anthers, and the bottom part of the stamen as well as the gynoecium and hairs on the stamen and petals showed GUS staining (Fig. 6) . The tissue-specific expression of the transcript when monitored in Pennisetum showed expression in the panicles (data not shown), and therefore expression of PgVHA-c1 in these tissues may be of physiological significance.
Presently, the specific significance of expression in hairs is not clear. Earlier, the root hairs were shown to have large vacuoles, and the expression of genes in hairs therefore might be important for the sequestration of excess Na + in these vacu- oles (Lew 2004) . Also the mutation of SOS4 gene, which is thought to be related to salt tolerance (Shi and Zhu 2002) , leads to the root hairless phenotype. For maintenance of high sodium influx in the vacuoles there is a demand for a proton gradient and hence the need for V-ATPase. It has been shown that in many monocots, microhairs on the leaves are needed for salt secretion to confer tolerance (Ramadan and Flowers 2004) . These hairs increase under salinity in the case of younger leaves whereas salinity has no such effect on the older leaves. Whether this ATPase plays a similar role in the case of Pennisetum is not clear and, therefore, this could be the subject of a further interesting study. Expression of other subunits of VATPase in hairs has not been reported so far. The promoter analysis of AVA-P3 that encodes the c-subunit of V-ATPase from Arabidopsis showed restricted expression only in root and shoot apex. This suggests that some of the V-ATPase genes encode housekeeping function and others might be involved in specialized functions in particular tissues.
Gel mobility shift assays with DRE-like, ABRE-like and TCA elements in the PgVHA-c1 promoter As mentioned before, sequence analysis of the promoter indicated the presence of a putative TCA box, LTRE, C/DRE, ABRE-like, four GC repeats and four GC motif-binding cisacting elements. To check whether any of these cis-acting elements are recognized by specific trans-acting factor(s), electrophoretic mobility shift assays were done using whole cellular and nuclear extracts from Pennisetum and radiolabeled synthetic double-stranded DNA fragments representing different putative regulatory sequence. A strong DNA-protein complex was formed with the C/DRE element (Fig. 7A, lanes 2-4) . This binding was specific as the element with a mutated core sequence (CCGA changed to TTTT) did not show any DNAprotein complex formation (Fig. 7A, lanes 5-8) , suggesting that the core CCGA is a essential functional element responsible for DNA-protein complex formation. Earlier, YamaguchiShinozaki and Shinozaki (1994) reported that the DRE sequence present in the promoter region of rd29A functions as a cis-acting element in the expression of rd29A in response to dehydration treatment. Narusaka et al. (2003) showed that the DRE core sequence also functions as a DRE and showed that a 103 bp region (-157 to -55) of the rd29A promoter with a DRE-like sequence is able to function in response to dehydration, high salinity and low temperature stresses. The DRE-like element found in the promoter of PgVHA-c1 seems interesting. The ABRE-like element (GCGACGTTCGT) present in the -288 to -1,031 sequence region of PgVHA-c1 was found to be similar to the C-box (GACGTC). 'Group II' and 'group III' b-ZIP proteins have been shown to bind to C-box elements (Izawa et al. 1993) . Whether binding of these b-ZIP proteins leads to functioning of the C-box as a ABRE needs to be looked into. It is known that ABREs are present in many of the promoters involved in ABA-mediated gene expression in response to abiotic stress (Kizis and Pages 2002, Narusaka et al. 2003) . We found that a strong DNA-protein complex was formed with an ABRE element (Fig. 7B, lanes 2-4) . This binding was specific, as with the mutated core sequence (ACGT changed to TTTC), DNA did not show any DNA-protein complex formation (Fig. 7A, lanes 5-8) , suggesting that the core ACGT is an essential element for DNA-protein binding.
Regulation of PgVHA-c1 by salicylic acid
When the minimal promoter region was checked for trans-factor binding activity (Fig. 8A) , it was observed that this region shows binding to proteins present in the total protein extract isolated from Pennisetum (Fig. 8B, lanes 2-5) and this binding was specific as it was competed out with cold probe (lanes 6, 7) but not affected by non-specific competitor (lane 8).
The presence of a salicylic acid response element (TCA) in the minimal promoter region prompted us to test gel mobility shift assay (GMSA) using a DNA fragment containing a TCA element, 5′-CGGAATTCCAAGTGGAGAAGAATGA-3′ (known to be involved in the salicylic acid response). The DNA-protein complex formation with this fragment was specific as the mutation in the core sequence (AGAA to CTCC) in Fig. 7 Electrophoretic mobility shift assays (EMSA) to check whether the DRE and ABRE sequences present in the PgVHA-c1 promoter have specific DNA binding activity. The nucleotide sequence of the probes used is indicated above the autoradiograph. EMSAs were conducted using total extract (T.E.) from Pennisetum and oligos containing (A) DRE and mDRE and (B) ABRE and mABRE sequences. '-' indicates no total extract, '+' indicates 5 mg, '++' 15 mg and '+++' 25 mg of protein. Fig. 8 Determination of binding activity of the D2-D3 fragment. (A) DNA sequence of the 160 bp promoter region with the deletion primer marked and underlined and putative cis-acting elements in bold, italicized and underlined. Electrophoretic mobility shift assay (EMSA) using the total protein extract from 15-day-old Pennisetum plants and 186 bp [including 26 bp from pBSK(+) vector] DNA including TCA and the GC-repeat region as a probe. Increasing concentration of 186 bp unlabeled DNA is shown by a triangle. (B) EMSAs were conducted using total extract (T.E.) from Pennisetum and oligos containing TCA and mTCA sequences. '-' indicates no total extract, '+' indicates 5 mg, '++' 15 mg and '+++' 25 mg of protein. (C) Fifteenday-old Pennisetum shoots were exposed to 50 µM salicylic acid for 24 h. Total RNA was extracted from both control and stress samples, blotted onto a nylon membrane, probed with 500 bp random-labeled PgVHA-c1 and the blot was then reprobed with 18S RNA (18S).
Upper panels show the autoradiogram of the probed blot, whereas the lower panels indicate the bar representation of the quantified data using the Kodak 1D 2.0 program.
the DNA fragment did not show any binding (Fig. 8B, lanes 6-8) , suggesting that the core AGAA is essential for DNA-protein complex formation (Fig. 8B, lanes 2-4) . Salicylic acid, which is basically a component of biotic stress, in fact induced the expression of PgVHA-c1 at the transcript level when given at 50 µM concentration for 24 h. A 2-fold up-regulation in response to exogenous application of salicylic acid was found (Fig. 8C) . The role of salicylic acid in the regulation of PgVHA-c1 expression or of any other subunit of V-ATPase has not been reported. Recently, salicylic acid has been shown to increase in abiotic stress (Mikolajczyk et al. 2000 , Ulm et al. 2002 .
In conclusion, the present study is the first detailed analysis of the promoter of a subunit of a V-ATPase. The cDNA, gene and the promoter of the c subunit of one of the isoforms of V-ATPase was cloned from a monocot, P. glaucum, a millet. The gene was found to be up-regulated in response to salinity stress, ABA, calcium and salicylic acid. This provides a good system to study the mechanism by which these diverse signaling factors affect the transcript levels. It was found that the PgVHA-c1 promoter does harbor DRE, ABRE and SARE elements although the boundary sequences of these elements around the consensus were found to be different. Nevertheless, our studies show that Pennisetum has protein factors which recognize the consensus motifs and thus these may be playing an important role in signal transduction in response to salinity, ABA and salicylic acid. It has been indicated that V-ATPase may have an important developmental and metabolic role during plant growth. Interestingly, this promoter was found to show reporter gene expression in shoot hairs and in floral organs, indicating that PgVHA-c1 may also play an important role, as has been reported for the c subunit, in some of the developmental responses.
Materials and Methods
Isolation of a cDNA clone encoding the V-ATPase c subunit (PgVHAc1) from P. glaucum by cDNA subtraction Many cDNA clones that were differentially up-regulated in response to salinity stress were isolated from P. glaucum by cDNA subtraction according to Sahi et al. (2003) . Sequence analysis of one of the many such clones identified a full-length cDNA clone that showed a high degree of sequence homology to the VHA-c gene that encodes the V-ATPase c subunit (accession No. AF416606).
Isolation of the Pennisetum glaucum PgVHA-c1 genomic clone
The two gene-specific primers, forward (5′ GAG GGA GGG AAG AGC AGG AAC C-3′) and reverse (5′ CAG CAG TAA TTA TAG AAT GGT-3′), were used to PCR amplify the PgVHA-c1 genomic fragment using genomic DNA as template. PCR was carried out using 150 ng each of the gene-specific primer along with 200 µM of each dNTP and 2.5 U of Taq DNA polymerase with 100 ng of genomic DNA as template in a 50 µl reaction. PCR conditions were 94°C, 1 min, 55°C, 1 min and 72°C, 3 min for 30 cycles. The amplification product was cloned into pGEM(T) vector (Promega, Madison, WI, USA) and the insert was completely sequenced (accession No. AY620961).
Making the PgVHA-c1-GFP construct and localization using confocal microscopy cDNA of PgVHA-c1 without a stop codon was amplified using a gene-specific forward (5′ CGCGGATCCATGTCGTCGGTGTTCAG-CGGC-3′) and reverse primer (5′-GAGAATTCATCGGCACGGGAT-TGGGCAGC-3′). The amplified PCR product was cloned into the BglII and SpeI sites of the pCAMBIA 1302 vector and transformed using the Agrobacterium-mediated transformation protocol. After 2-3 d of transformation, the cells were taken out, pelleted and fixed by keeping in 3.5% paraformaldehyde for 1 h according to Proust et al. (1999) . Slides were made and sealed and then observed under a confocal microscope using oil immersion at 60×.
Functional complementation of yeast deletion mutants
The complete open reading frame of PgVHA-c1 was PCR amplified using specific primers and cloned into yeast and the Escherichia coli shuttle vector pYES2. The resultant recombinant expression plasmid, pYES2 PgVHA-c1 and the control vector pYES2 were transformed separately, into yeast deletion mutants, VMA3, VMA16 and TPF by electroporation. The Ura+ transformants were selected on Ura-plates and grown overnight in the presence of galactose and spotted in different dilutions on YPD plates containing either 0.5 or 1% glycerol (Nelson and Nelson 1990) .
Transcript analysis of PgVHA-c1
Total RNA was isolated from leaf and root of P. glaucum seedlings that were exposed to different abiotic stresses, i.e. salinity, low temperature and dehydration, and various other treatments (either ABA, salicylic acid or calcium). Approximately 20 µg of total RNA was resolved on a 1% agarose formaldehyde gel and transblotted onto Hybond N membrane. The blots were probed with 32 P-labeled (nicktranslated) full-length PgVHA-c1 cDNA with 38 and 35 bp of the 5′ and 3′ UTRs, respectively, included. Hybridization and post-hybridization washes were carried out as mentioned earlier (Reddy et al. 1999) and the blots were autoradiographed and kept at -80°C.
For quantification, band intensities were measured using Kodak 1D 2.0 software and the data were plotted as the ratio of the band intensity for PgVHA-c1 to that for 18S.
Cloning of the 5′-flanking region of PgVHA-c1
The 5′-flanking region of the PgVHA-c1 gene was PCR amplified according to Mishra et al. (2002) using the gene-specific biotinylated primer (5′ CCATGCATGAGAAGACGAGGGCG-3′) and the nested primer (5′-GGTTCCTGCTCTTCCCTCCCTC-3′) synthesized in the antisense orientation, and four genome walker primers. The PCR conditions were 94°C, 1 min, 55°C, 1 min and 72°C, 1 min for 30 cycles. The amplification product was gel purified and cloned in pGEMT-Easy. The insert DNA was completely sequenced (accession no. AY620962).
Transcript start site mapping
The transcript start site of PgVHA-c1 was mapped according to Reddy et al. (1999) by annealing 50 ng of radiolabled oligonucleotide (5′-GGTTCCTGCTCTTCCCTCCCTC-3′) corresponding to 16 nt upstream of the translation initiation codon in the antisense orientation, to 10 µg of total RNA and extended by the reverse transcriptase. The primer extension product was size fractionated on a 6% polyacrylamide urea gel and autoradiographed.
Construction of deletion mutants of PgVHA-c1 promoter
The different deletion versions of the PgVHA-c1 promoter were generated by PCR amplification. The oligos used for UD, D1, D2 and D3 promoter fragments are as follows: VPUD, ACTACAGAAGTA-GATCGGAGTGTCC; VPD1, AGCTTGATGAGGTCACTTCCAATG; VPD2, AGAGGAGGGAGATTTCTGGAGGG; VPD3, CTATCAT-CATGTGTTGAATATAC; and PNR, GGTTCCTGCTCTTCCCTCC-CTC. The Pfu-amplified PCR products were cloned into the SmaI sites of the pBI 101.2 (Stratagene) binary vector.
BY-2 cells and tobacco plant transformation
The suspension culture of BY-2 cells was maintained as described by Takeda et al. (1992) . For transformation, the density of cells was allowed to reach 10 6 /ml. Agrobacterium cells containing the required recombinant plasmids (pCAMBIA 1391tz-PgVHA-c1 Promoter-GUS) were infected for 24 h with gentle shaking in the absence of antibiotics. After 24 h, plant cells were rinsed in fresh BY-2 medium containing 250 mg l -1 carbenicillin and incubated in liquid medium containing carbenicillin (250 mg l -1 ) and hygromycin (25 mg l -1 ). Cells were stained histochemically after 2-10 d for GUS.
Agrobacterium carrying the various recombinant constructs were individually introduced into tobacco by the leaf disc method (Horsch et al. 1985) . Transgenic plants were screened on 50 µg l -1 kanamycincontaining Murashige and Skoog plates, and several lines of transgenic plants containing each transgene were generated.
GUS histochemical assay
Histochemical assay for GUS was carried out in the intact tissues (organ or whole seedlings or free hand-cut sections) or in BY-2 cells. For BY-2 cells, following transformation, 1 ml of culture was put into flat-bottom culture plates and allowed to settle. The excess medium was removed and 500 µl of X-gluc was added, followed by vacuum infiltration for 5-10 min, and then they were kept at 37°C overnight in darkness.
Tissues from control and transgenic plants were submerged in fixation buffer [2% formaldehyde, 50 mM sodium phosphate (pH 7), 0.05% Triton X-100], vacuum infiltrated for 4-5 min on ice and kept at room temperature for 10 min. The fixation buffer was removed and the material was washed twice with 50 mM sodium phosphate buffer (pH 7). The tissue samples were stained with 1.5 mM X-gluc by vacuum infiltrating for 5-10 min and then they were kept at 37°C overnight in darkness. After staining, tissue was rinsed extensively in ethanol to remove the chlorophyll.
Gel mobility shift assay
Gel retardation assays were performed essentially as described by Foster et al. (1992) . For whole-cell extracts, tissue from 15-day-old growth chamber-grown Pennisetum seedlings (1-2 g) was homogenized by grinding in the presence of liquid nitrogen and added to a homogenization buffer containing 15 mM HEPES pH 7.6, 40 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol (DTT) and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). Nuclei were lysed by the addition of ammonium sulfate, and the soluble whole-cell extract was separated by centrifugation. Proteins were concentrated by ammonium sulfate precipitation and then dissolved in buffer (20 mM HEPES pH 7.6, 40 mM KCl, 1 mM DTT, 0.5 mM PMSF, 0.1 mM EDTA, 10% glycerol). The solution was dialyzed for 3 h with dialysis buffer (20 mM HEPES pH 7.6, 40 mM KCl, 0.1 mM PMSF, 0.1 mM EDTA, 10% glycerol, 5 mM 2-mercaptoethanol).
For the preparation of nuclear extract, the protocol of Busk and Pages (1997) for maize embryos was scaled up to fit extraction from 5-10 g of Pennisetum tissue.
One hundred pmol of each of the partially complementary selected (sequence) primers were annealed and 3′ ends were extended by Klenow enzyme in the presence of [α-
32 P]dCTP along with other dNTPs. DNA binding assay was carried out using 10 ng of labeled DNA with 6 µg of nuclear extract in the presence of 2.5 µg of poly (dI-dC) and binding buffer [(2×) 20 mM HEPES pH 7.5, 50 mM KCl, 1 mM EDTA, 10% glycerol, 5 mM DTT, 0.4 mM MgCl 2 , 60 mM NaCl] in a reaction volume of 25 µl for 10 min at room temperature. The reaction was terminated by addition of the 10× DNA loading dye. Competition assays were carried out using 25, 50 and 100 molar excess of cold probe and 100 molar excess of non-specific probe [MCS of pBluescript SK(+)]. The reactions were fractionated on a non-denaturing acrylamide gel (5% acrylamide, 0.5× TBE, 5% glycerol), dried and autoradiographed.
The sequence of the primers used for GMSA are as follows: ABRE, CGGAATTCCAGCGACGTCGTAGAATTG; mABRE, CGG-AATTCCAGCTTTCCGTAGAATTG; DRE, CGGAATTCAAATGC-CCGAGTCAATTG; and mDRE, CGGAATTCAAATGCTTTTGTCA-ATTG.
Sequencing and sequence analysis
Full-length cDNA, genomic clones of PgVHA-c1 and the promoter were completely sequenced using the dideoxy chain termination method using Sequenase version 2 (USB, Cleveland, OH, USA). Most of the routine sequence (protein and DNA) analyses were performed using MacVector (v 7; Oxford Molecular Group). Homology searches were done using FASTA and multiple sequence alignment was done through CLUSTAL W using MacVector suite of programmes.
